Introduction 52
Urban heat island (UHI) refers to a higher urban temperature in the urban centre 53 compared to the surrounding rural areas, which is mainly the consequence of rapid 54 urbanization by changing permeable forest and agriculture landscapes into sealed and 55
water-proof man-made urban texture. A significant urban warming can lead to: 1) 56 deterioration of the human thermal comfort especially during hot summer nights in 57 temperate climate; 2) increase of the building energy consumption by turning on air-58 conditioning for summer cooling; and 3) exacerbation of carbon emissions from higher 59 electricity demand and energy expenditure. According to [1] , there are basically three 60 types of UHI, i.e., urban air heat island, urban surface heat island, and urban subsurface 61 heat island. The former two types are well investigated with different methodologies; 62 however, the latter subsurface urban heat island (SUHI) is much less addressed. As a 63 matter of fact, the subsurface soil temperature is a crucial variable to control the 64 ecosystem's biological and chemical processes such as soil respiration, thawing of 65 permafrost, microbial decomposition and groundwater flow [2] . It also has a strong 66 impact on the underground infrastructure especially in an urban context. 67
68
The subsurface soil temperature is determined by the combined effects of ground heat 69 flux, the heat flow from the Earth's interior, the soil thermal properties, as well as the 70 direct anthropogenic stimulations such as sewage networks and reinjection of thermal 71 waste water, poorly-insulated district heating pipes, especially in built-up areas [3] . A 72 higher subsurface temperature can be expected in urban areas. Subsurface warming 73 has been observed and analysed in several cities at various spatial and temporal scales 74 [4, 5] . Taniguchi et al. [4] identified the subsurface warming in Tokyo was 2.8 ⁰C, the 75 strongest among the four cities studied in Asia. One-year measurement of soil 76 temperature at rural and urban locations was conducted in Nanjing, China. The urban 77 soil was found 1.21 ⁰C warmer than the rural soil [6]. Müller et al [7] studied soil 78 temperature (<=2 m) at eight locations in the city of Oberhausen, Germany. A maximum 79 SUHI of 9⁰C was found between the city centre station and the rural station. They also 80 pointed out that a high subsurface soil temperature in the city centre had the potential 81
to jeopardize the quality of drinking water from the pipelines. Savva et al [2] measured 82 the daily average soil temperature at a 10-cm depth at both urban and rural sites and 83 found the average annual soil temperature was higher at the urban site. A soil-84 temperature model was also developed to evaluate the effects of land use changes on 85 soil temperatures. The effects of urbanization on the soil temperature in Ankara were 86 analysed by Turkoglu [8] by comparing paired urban and rural stations. The SUHI was 87 observed higher during night time and lower in the daytime. Yeşilırmak [9] found a 88 general increase of soil temperature in all seasons in Turkey, which was consistent with 89 the increasing trend of air temperature. The highest trend magnitude was 2.05 ⁰C per 90 decade. Ferguson and Woodbury [10, 11] observed that the urban aquifers in urban 91 centre were several degrees (3-5⁰C) warmer than those in the surrounding rural area. 92
The SUHI was normally analysed for a short term such as one year, a long term 93 observation is still lacking. Moreover, both climate change and urbanization can affect 94 subsurface temperature, but few studies were able to distinguish them. In the present 95 study, long-term observations (over 100 years) at a remote rural station in the UK were 96 conducted to investigate the effect of climate change on SUHI, furthermore two paired 97 station representing urban and rural characteristics in London were employed to 98 examine the difference of SUHI between urban and rural sites. 99
100
The subsurface warming has many potential consequences on such as drinking water 101 quality (1-2m subsurface), groundwater systems at a deeper layer (100m) as well as 102 ground thermal energy potential(both shallow and deep layers). Subsurface soil can act 103 as the heat sink in summer and the heat source in winter when being integrated with 104 ground-source heat pumps (GSHP). GSHP is a low-carbon energy-efficient technology 105 for domestic heating and cooling. The performance of the GSHP system is largely 106 determined by the interactions between the heat exchanger and the subsurface soil 107 environment [12] . Therefore, subsurface soil temperature has a predominant influence 108 on the GSHP efficiency such as Coefficient of Performance (COP) [13, 14] . The subsurface 109 warming will decrease the efficiency for supplying coolness in summer, but enhance the 110 heating performance in winter [15] . Florides et al [16, 17] studied the geothermal 111
properties of the ground in Cyprus for a better utilization of GSHP. They concluded that 112 for the same GSHP used, the efficiency of GSHP for heating in Cyprus was higher than 113 that in Germany due to a higher subsurface soil temperature in Cyprus. 114
115
In the UK, it is estimated that the number of installations of GSHP could increase to 116 35,000 units by 2015 and 55,000 by 2020 [18] . Approximately 44% of the total housing 117 stocks are in favour of horizontal ground source heat pump systems due to the lower 118 installation cost with the slinky ground loop or double tier pipe arrangement installed 119 at the shallow sub-ground layers (usually 1-2m in depth) [14] . To our best knowledge, 120 no studies regarding the effects of SUHI on the horizontal GSHP in London, UK, have 121 been carried out so far. Therefore, the present paper serves two aims: 1) to investigate 122 the effect of urbanization and climate change on SUHI in London; 2) to estimate how the 123 SUHI will affect the performance and potential of horizontal GSHP. The data collected from 100 cm only cover 1907 to 1959, the other depths such as 154 10cm, 20cm and 50cm are excluded from current study as more than half of the data 155 were missing. Table 1 lists the characteristics of the three stations. 156
The instrument for soil temperature measurement was either Liquid-in-glass 157 thermometer or electrical resistance thermometers suspended at different depths 158 below the ground in a steel tube which was sealed at the surface. The accuracy of the 159 thermometers was below 0.2⁰C which had been validated from the QA lab in Bracknell. 
Results and discussions 170

Long-term (100 years) annual mean soil temperature variations 171
The non-parametric Mann-Kendall test was employed to search for trends in soil 172 temperature and Sen's Slope estimator was used to predict the magnitudes of the trends. Fig.3 (a) . Over 183 one hundred years, the increasing rate of soil temperature is 0.17⁰C per decade in CP. 184
Other studies also reported similar results. Changnon between 30cm and 100cm can only be made during this period and depicted in Fig.3 (b) . 200
Generally, the soil temperature at a deeper depth of 100 cm is higher than that at 30 cm, 
Urban vs. rural observations 219
In order to investigate the urbanization effect, the soil temperature at two depths of 220 30cm and 100cm collected from urban and rural stations in London were futher 221 analysed and shown in Fig.4 . A much more profound warming trend (1.18⁰C decade -1 222 at 100cm and 0.85⁰C decade -1 at 30cm) is observed in SJP at all depths compared with 223 that at the rural station of KA. The temperature time profile at KA is rather flat and 224 there is no trend observed at 5% significance level as shown in Table1. The temperature 225 difference between 30 cm and 100 cm is not significant at both sites. This rising rate of 226 temperature in urban station is a result of combined effect of urbanization and climate 227 change. By subtracting the temperature increase of 0.17⁰C decade -1 due to climate 228 change from the value due to combined effects, the warming rate attributable to 229 urbanization alone can be roughly estimated as 0.7⁰C per decade at 30-cm depth. 230
Therefore, the signal of urbanization preserved in the subsurface soil accounts for 231 almost 5 times of that due to climate change alone previously reported at CP station. 232
233
The monthly mean soil temperature at 10cm at both stations and the resultant urban 234 heat island intensity (UHII) (difference between urban and rural soil temperature) are 235 shown in Fig.5 . Four typical hours per day, i.e., 6:00, 12:00, 18:00 and 24:00 are chosen. 236
Generally, urban soil temperautres are higher than their rural counterparts in all 237 months. The maximum temperature occurred in July or August and minimum soil 238 temperautre was observed in Janary or December at both sites. This shows the similar 239 pattern as monthly air temperature. During warm months, the ground surface 240 temperature is higher than the deep soil temperature due to the strong solar radiation, 241 the heat is conducted from the ground surface to the deeper layers. While in cold 242 winter, the heat condiction direction reverses especially at nighttime or when there is a 243 snow cover. 244
245
On the contrary, the SUHII exhibits a typical U-shape, by peaking in cold winter months 246 and valleying in warm summer months. The maximum UHII is 3.5⁰C at 6:00 AM in 247
December, and the minimum UHII is 0.2⁰C at 18:00PM in July. This pattern is totally 248 different from the observation in Ankara,Turkey [8] and Nanjing, China [6] . A higher 249 UHII was confirmed in warm seasons compared to cool seasons in Ankara, Turkey (see 250 Fig.2 in [8] ), while a 'W-shape' UHII curve was found in Nanjing (see Fig.6 in [6] ). This 251 may be due to the different climates and anthropogenic heat patterns in these cities. 252
Both Ankara and Nanjing have a hot summer and cool winter, where cooling in summer 253 predominates building energy consumption compared to winter.
Significant 254 anthropogenic heat was released into urban areas in summer periods, which 255 contributes a significant part to the higher urban heat island intensity. In Nanjing, there 256 is few central-controlled heating systems in winter, but the local heating such as air-257 source heat pump and household gas boiler emerged in recent years. This may explain 258 why there is a slightly higher UHII in winter than the transition periods of spring and 259 autumn in Nanjing. While London in the UK enjoys cool summer and cold winter. Most 260 of building energy is used for space heating in winter, a large contribution of 261 anthropogentic heat released in the urban areas was from heating in winter [25] , which 262 may enhance the urban heat island intensity both above and below the ground surface. 
Effects on ground source heat pump effiency 283
The coefficient of performance (COP) of the horizontal GSHP is directly affected by the 284 subsurface soil temperature. Wu et al [14] monitored and measured the performance of 285 a horizontal slinky GSHP for two months in UK. They found the average COP was 2.5 and 286 it decreased with running time as heat was continuously extracted from the soil thermal 287 reservoir. The thermal contrast between urban and rural subsurface will also give rise 288 to the different system performance of horizontal GSHP. The elevated urban soil 289 temperature in winter can improve the COP when GSHP is installed in urban areas. 290
291
The seasonal variation of SUHI at both urban and rural sites was calculated and shown 292 in Fig.6 . SUHI is higher in autumn and winter when the heating is needed. Therefore, 293 the corresponding GSHP COP with respect to the subsurface soil temperature in both 294 urban and rural areas in heating periods can be determined and shown in Fig.7 . The 295 relationship curve (black line) was reproduced from Fig.4 in [16] . The orange-filled 296 circles represented the GSHP installed in urban site while the blue-filled circles were the 297 ones in rural site. It shows clearly that in autumn the GSHP COP in urban site is around 298 3.3 while that in rural site is about 3.05. In winter, both the GSHP efficiencies are low, 299 but the COP in urban site is still about 0.2 higher than that in rural site. This confirms 300 that, provided the same heat pumps are used, the installation in an urban site will 301 ensure a higher COP for heating than that in a rural site. There are many concerns of the 302 imbalanced heat discharge and storage during the annual operation of GSHP. In warm 303 climate where cooling load is larger than heating load, the heat injected into the ground 304 will be higher than the heat extracted during heating period which gives rise to the 305 decreased working efficiency. This will be exacerbated in urban sites by elevated SUHI. 306
However, for the climate in the UK, where the heating load in winter is predominantly 307 larger than cooling load in summer, SUHI on urban sites will alleviate such imbalance. 
Limitations and future works 316
Although our paper presents the first study of subsurface urban heat island on 317 horizontal GSHP, it should be noted that it is subject to some limitations and 318 uncertainties：1）There may be other influential factors contributing to the 319 elevated subsurface soil temperature observed in the urban site, such as permanent 320 local heat sources (heating pipes, heat sources from building basement etc), 321 different soil physical properties；2) Horizontal ground-source heat pump will be 322 influenced by direct solar gains, which is not considered in the present work and 323 deserves future study. 3）Only COP of GSHP is considered in present paper as as it is 324 the most important indicator of the efficiency of GSHP, however, the influence of 325 subsurface urban heat island on the total energy demand can be studied by 326 employing a whole-building energy modelling approach such as Trnsys which we 327 aim to study in the future. 328 329
Conclusions 330
Many studies on urban heat island are devoted to the analysis of the surface and air 331 temperatures, few address the subsurface soil warming. This study analysed the 332 long-term data of subsurface soil temperature observations in three weather 333 stations in the UK. One station located in a remote rural site and free of urban 334 influence contains a long-term measurements over 100 years. Paired urban-rural 335 stations in London were chosen as the hourly soil temperature data were 336 continuously recorded from 2000 to 2007. The characteristics of subsurface 337 warming due to urbanization and climate change were identified. The further effects 338 on the performance of the horizontal ground source heap pump were also evaluated. 339
The following conclusions can be drawn from present study: 340  An increasing rate of 0.17⁰C per decade due to climate change was identified 341 in the UK, but the subsurface warming in an urban site in London shows a 342 much higher rate of 1.18⁰C /decade at the soil depth of 100cm. 343  A positive warming trend of 0.7⁰C /decade at 30-cm depth was regarded to 344 be attributable to urbanization alone, indicating an undeniable global 345 warming effect due to the subsurface urban heat island. 346  SUHII in London exhibits an unique 'U-shape', showing lowest in summer and 347 highest during winter. The maximum SUHII is 3.5⁰C at 6:00 AM in December, 348 and the minimum UHII is 0.2⁰C at 18:00PM in July. 
